Stem cells can both self-renew and differentiate into various cell types under certain conditions, which makes them a good model for development and disease studies. Recently, chemical approaches have been widely applied in stem cell biology by promoting stem cell self-renewal, proliferation, differentiation and somatic cell reprogramming using specific small molecules. Conversely, stem cells and their derivatives also provide an efficient and robust platform for small molecule and drug screening. Here, we review the current research and applications of small molecules that modulate stem cell self-renewal and differentiation and improve reprogramming, as well as the applications that use stem cells as a tool for small molecule screening. Moreover, we introduce the recent advance in haploid embryonic stem cells research. Haploid embryonic stem cells maintain haploidy and stable growth over extensive passages, possess the ability to differentiate into all three germ layers in vitro and in vivo, and contribute to the germlines of chimeras when injected into blastocysts. Androgenetic haploid stem cells can also be used in place of sperm to produce fertile progeny after intracytoplasmic injection into mature oocytes. Such characteristics demonstrate that haploid stem cells are a new approach for genetic studies at both the cellular and animal levels and that they are a valuable platform for future small molecule screening.
Introduction
Stem cells are found in all multi-cellular organisms and can both self-renew and differentiate into diverse specialized cell types. In mammals, in vitro cultured stem cells can be classified into two types according to their differentiation ability; these types are pluripotent and multipotent stem cells. Pluripotent stem cells mainly include embryonic stem (ES) cells and induced pluripotent stem (iPS) cells. ES cells are derived from the inner cell mass of blastocysts. iPS cells are directly reprogrammed from somatic cells by the ectopic expression of specific factors. The cells can both self-renew indefinitely in vitro and differentiate into any cell type that is representative of all three germ layers under the appropriate conditions both in vivo and in vitro [1, 2] . Multipotent stem cells mainly include various types of adult stem cells. Adult stem cells act as a repair system that the body can use to replenish old or bad tissues in adult organisms. These characteristics indicate that stem cells are a good model to use to study the process of organismal development and disease and that they are an important tool [3] in tissue engineering, regenerative medicine, and drug screening [4] . Small molecules are emerging as useful chemical tools in biomedical research and applications. Through modulating specific targets in biological signaling pathways or exerting epigenetic modifications on the genome, small molecules can modify or even change cell fate [5, 6] . For example, small molecules can maintain ES cells in the pluripotent state by inhibiting the differentiation pathway. Conversely, stem cells have been widely utilized in small molecule screening.
Here, we review the research and application of small molecules in stem cell biology, including reprogramming, stem cell self-renewal and differentiation. We also introduce the recent advances in the use of haploid embryonic stem cells, which is a powerful tool for functional genomics studies and small molecule screening, and discuss the future application of haploid ES cells in small molecule and drug screening.
The small molecules that modulate stem cells
Stem cell self-renewal In conventional culture systems, ES cells in the undifferentiated state are maintained on feeder cells in medium that con- (Table 1) . These media can keep ES cells in an undifferentiated state for many passages, however, it also increases the complexity of determining the molecular processes that regulate ES cell self-renewal. Currently, small molecules can be synthesized that enable the formulation of nonanimal-derived chemically defined culture systems, which, in turn, enable the growth of ES cells in xeno-free conditions for therapeutic applications.
Small molecules can simply inhibit differentiation to maintain ES cell self-renewal. This view is supported by a recent study showing that CHIR99021 (Table 2 ) acts via the inhibition of glycogen synthase kinase 3 (GSK3) to enhance ES-cell growth capacity and viability [7] . GSK3 has been implicated in regulating both self-renewal and differentiation [8] . Wnt signaling inhibits GSK3 and stabilizes cytoplasmic β-catenin (β-Ctnn). CHIR99021 prevents the phosphorylation of β-Ctnn by GSK3β and activates Wnt signaling. The mitogen-activated protein kinase (MEK/EKR) pathway induces mouse embryonic stem cell (mES cells) differentiation. MEK inhibitor PD0325901 (Table 2) can inhibit the MEK signaling pathway to promote mouse embryonic stem (mES) cell self-renewal [7] . Chen et al reported that retinol (vitamin A) ( Table 2) can support the feeder-independent self-renewal of mES cells in longterm culture by modulating the expression of Nanog [9] . Small molecules also provide a new way for generating pluripotent cell lines from other species. For example, CHIR99021 and PD0325901 cause rat embryonic stem (rES) cells to self-renew and maintain their pluripotent states [10, 11] . As we known, human embryonic stem (hES) cells are different from mES cells in gene expression and self-renewal signaling pathways. mES cells can be maintained by leukemia inhibitory factor (LIF) [12] and bone morphogenetic protein (BMP), while hES cells self-renew under basic fibroblast growth factor (bFGF) [2] and Activin A (Table 1) . Recently, a study reported that hES cells could be stably maintained under a combination of bFGF, CHIR99021 and PD0325901 (Table 1 ) [13] . Another human pluripotent cell type, mESC-like human iPS cells (m-hiPSs), can stably self-renew when the culture medium contains CHIR99021, PD0325901 and A8301 (a small molecule inhibitor of the transforming growth factor β (TGFβ)/Activin receptors) ( Table 2) .
Stem cell differentiation
Differentiation is the process during which unspecialized cells become specialized and functional cells with restricted developmental potential. Traditionally, embryoid bodies (EBs) were formed first, and the desired cells were then isolated from the culture. This method is ineffective and time-consuming. Currently, chemically defined medium containing small molecules can be used directly to complete the differentiation process. We focus here on some strategies for using small molecules to differentiate ES cells into specific lineages.
In a recent study, a number of small molecules have been identified that can regulate the tissue-specific differentiation of ES cells. For example, the molecules IDE1 and IDE2 (Table 2 ) have been identified as effective inducers of definitive endoderm [14] . Similar to Activin A and Nodal (a natural inducer of definitive endoderm), both IDE1 and IDE2 induce Smad2 phosphorylation in mES cells through unknown targets. Retinoic acid (RA) followed by Sonic hedgehog (Shh) or the Shh agonist Hh-Ag1.3 induced mES and hES cells to differentiate into motor neurons (Table 2) . Moreover, Li et al found that hES cells can be differentiated into motor neurons efficiently by the simple sequential application of RA and Shh [15] . The authors also discovered that the small molecule purmorphamine, a purine derivative that activates the Shh pathway, could replace Shh to generate motor neurons in a similar way. Sulfonyl-hydrazones (Shz) ( Table 2 ) potently induce Nkx2.5 and a subset of other cardiac markers in a variety of stem/progenitor cells [16] , but their efficiency is quite low and the process is not completely understood.
Reprogramming
Induced pluripotent stem (iPS) cells generated from mouse somatic cells by the ectopic expression of four defined genetic factors provide a new approach for epigenetic reprogramming [17] . It has been reported that rhesus monkey [18] and human [19] somatic cells can also be reprogrammed to iPS cells through the viral introduction of four transcription factors: Oct4, Sox2, Klf4, and c-Myc or Oct4, Sox2, Lin28, and Nanog. These iPS cells not only possess morphological and molecular similarities to ES cells, but they also hold the same developmental potentials as ES cells. This method gives us an opportunity to generate patient-specific cells for therapeutic application. However, the method raises another question about whether it is safe to use retrovirus-mediated iPS cells, the use of which comes with the risk of causing tumors.
Although iPS cells have been generated through viral and non-viral methods, the reprogramming is still a slow and inefficient process. Some studies have found that small molecules can facilitate reprogramming and improve reprogramming efficiency. For instance, Huangfu et al discovered that the reprogramming of mouse embryonic fibroblasts (MEFs) to iPS cells could be promoted by the DNA demethylating agent 5-azacytidine and the histone deacetylase inhibitors suberoylanilide hydroxamic acid, trichostatin A and VPA (Table 2 ) [20] . [21] . In addition to these direct epigenetic modulators, the dual inhibition of MEK and TGFβ by PD0325901 and SB431542 (Table 2) can also dramatically improve (>100-fold) the generation of iPS cells from human fibroblasts with an efficiency of >1% by enhancing the mesenchymal-epithelial transition [22] .
Stem cells as a tool for small molecule screening
One of the most valuable functions of stem cells is modeling human diseases. Stem cell-derived cell types can be used to establish cell-based in vitro test systems for drug screening, toxicity testing, and functional analysis. These characteristics make stem cells a powerful tool for drug screening. Screening small molecule drugs has been utilized in three types of cells: embryonic stem cells, cancer stem cells, and patient-specific induced pluripotent stem cells. Highthroughput screening (HTS) for the development of new drugs with such stem cells has been widely adopted to more effectively screen for drugs for diseases such as Parkinson's disease or cancers. For example, Takahashi et al used ES cells that were stably transfected with cardiac-specific α-cardiac myosin heavy chain (MHC) promoter-driven enhanced green fluorescent protein (EGFP) as a tool for drug screening. Eight hundred eighty compounds approved for human use were screened for their ability to induce cardiac differentiation. Fluorescence microscopic analysis showed that vitamin C (Table  2) can significantly induce ES cells to undergo myocardial cell differentiation [23] . Visnyei et al described a high-throughput small molecule screening approach that can identify and characterize chemical compounds that are effective against glioblastoma (GBM) stem cells [24] . The authors found that compounds #5560509 (Table 2 ) and #5256360 (Table 2) inhibited the expression of the mitotic module genes. Lumelsky et al found that nicotinamide can induce mouse ES cells into insulin-secreting cells with an insulin secretion adjustment mechanism similar to that of normal beta cells [25] . Nichols et al found that the small molecules Y-27632 and H-1152 can inhibit LRRK2 because they inhibit the Rho kinase (ROCK) [26] . In contrast to this finding, it was reported that GSK429286A inhibits ROCK but does not inhibit LRRK2 [27] . These studies may help in understanding the pathogenesis of Parkinson's disease and the development of new treatments [26] . The authors of a recent study also showed that they, with the NIH Molecular Libraries Program, optimized a compound as a probe (ML239) that displayed greater than 20-fold selective inhibition of the breast cancer stem cell-like cell line HMLE_sh_Ecad over the isogonic control line HMLE_ sh_GFP [28] . Additionally, SKF-86466 was found to induce IKBKAP (the gene responsible for familial dysautonomia) transcription through the modulation of intracellular cAMP levels and PKA-dependent CREB phosphorylation [29] . These studies all suggest that stem cells can be an important tool for new small molecule/drug screening.
Mammalian haploid cells
Most organisms have diploid chromosomes; only rare species, such as yeast and bees, have haploid chromosomes. With the aim to determine all gene functions, haploid cells have obvious advantages because they carry only a single set of chromosomes, thus bypassing allelic affections. However, in mammals, haploid cells only exist in germ cells and are occasionally found in tumors. Previous reports showed that haploid cells can be derived in fish [30] and human KBM-7 leukemia cells [31, 32] . Recently, mouse haploid embryonic stem (hES) cells have been successfully isolated from both parthenogenetic [33] and androgenetic embryos [34, 35] , which are all cultured in 2i medium (Figure 1 ) [7] . These hES cells have stem cell morphology, maintain a haploid karyotype, express all of the stem cell marker genes (eg, Oct4, Nanog, Sox2, and SSEA-1), and have the ability to differentiate into the cell types of all three germ layers, including a contribution to chimeric mice and the germline. Furthermore, as haploid stem cells have a haploid karyotype, they can take the place of sperm to "fertilize" eggs by intracytoplasmic injection into oocytes and produce fertile offspring [34, 35] . Haploid cells combine haploidy and pluripotency well and have broad applications in functional genomics studies, as well as in both genetic and small molecule screening. Due to the absence of a second gene copy in haploid stem cells, homozygous mutations can be easily achieved. Because haploid ES cells can be easily propagated, genome-wide mutation libraries can be established by gene trapping. This development provides a fast and simple approach for genetic studies [36] . Moreover, the genetic studies performed in cells can be easily transferred to animals by intracytoplasmic androgenetic haploid ES cell injection (ICAI) into oocytes.
In the normal process of fertilization, both paternal and maternal imprints are needed to form a normal organism. A lack of any parental imprints will compromise embryonic development [37, 38] . Haploid stem cells from parthenogenetic blastocysts may not support the full-term development of embryos after injection into MII oocytes due to the parthenogenetic nature of the reconstructed embryos. Conversely, androgenetic haploid stem cells may support the full-term development of embryos after injection into MII oocytes if the haploid stem cells maintain the paternal imprints [34] . Indeed, the DMRs of two maternally imprinted genes, Snrpn and Airn, kept their unmethylated status at both early and late cell passages, as in sperm; whereas paternally imprinted genes (H19 and Gtl2) showed inconsistent methylation statuses, with the tendency to keep a sperm-like methylation status in early cell passages and to partially lose methylation during passaging [34] . We chiefly introduce the derivation of mouse haploid stem cells here. For parthenogenetic haploid ES cell derivation, the mouse parthenogenetic blastocysts are chosen and placed onto feeders in chemically defined 2i medium plus LIF as described [7] . For androgenetic haploid ES cell derivation, a npg haploid sperm head is directly injected into an enucleated oocyte, or the female pronucleus is removed from fertilized oocytes to construct the haploid embryos. The recovered haploid morulas/blastocysts are cultured in 2i medium for cell line derivation. The cell line derivation process is similar to diploid ES cell line derivation. However, FACS-mediated haploid cell purification and propagation are needed to overcome the dynamic diploidization of haploid ES cells. Purification by FACS sorting every four to five passages can maintain a high proportion of haploid ES cells in the cultured cell lines. Two different approaches can be used to produce offspring from haploid ES cells. One approach is to use haploid G 0 /G 1 phase androgenetic haploid ES cells for oocyte injection, a procedure similar to intracytoplasmic sperm injection (ICSI), or round sperm injection (ROSI). The other approach is to use metaphase androgenetic haploid ES cells for oocyte injection, a procedure similar to the 'semi-cloning' approach.
Taken together, these results demonstrate that haploid embryonic stem cells can combine haploidy and pluripotency and become powerful tools for use in functional genomics studies. Moreover, androgenetic haploid embryonic stem cells could take the place of sperm to fuse with oocytes and produce fertile offspring, thus providing a new approach for transgenic mice production [39] . Previous studies show that it is possible to generate genomewide mutagenesis libraries with haploid embryonic stem cells because they lack one set of chromosomes. This finding suggests that haploid stem cells could be a convenient tool for genetic studies and drug screening. By generating cell libraries with genome-wide genetic mutations, combined with highthroughput screening technology, robust and rapid screening for small molecules or drugs that specifically target genes and pathways can be efficiently performed. This process has already been tested on parthenogenetic embryonic stem cells by Elling et al through retrovirus-based gene trapping: they generated haploid ES cell libraries containing millions of different insertional mutations. Then, they performed a forward genetic screen for ricin toxicity, a dangerous poison that may be used as a biological weapon [36] . The screen revealed that the G Protein-Coupled Receptor (GPCR) Gpr107 is an essential molecule required for ricin-induced killing because Gpr107 mutation in haploid ES cells conferred resistance to ricin toxicity. This study suggests that future screening for antitoxins to ricin may be focused on molecules that inhibit Gpr107.
It is also possible to screen small molecules that modulate genome imprinting because the gamete-derived haploid stem cells maintain partial genomic imprinting. Imprinting plays an important role in mammalian embryonic development. The abnormal regulation of imprinted genes can cause many human diseases [40, 41] , such as Beckwith-Wiedemann syndrome (BWS), Russell-Silver syndrome (RSS), and Angelman syndrome (AS). Small molecules that regulate the imprinting status in haploid cells may be able to regulate the developmental processes and cure the diseases associated with imprinted genes.
Here, we propose a general procedure for using haploid ES cells to screen for small molecules that may regulate development or cure diseases. First, generate a haploid ES cell line that carries selection markers suitable for high-throughput screening, and then use this cell line to generate ES cell libraries containing genome-wide homozygous genetic mutations. For example, use the retrovirus-or piggyBac transposonbased gene trap system to create large-scale insertional mutagenesis. Second, choose a chemical library that is relevant to the question being addressed for screening. There are many established chemical libraries, and a specific chemical library such as kinase inhibitors can be used based on the topic under investigation. Third, identify the small molecules that hit the target according to the readout. Finally, confirm the functions of the small molecules with more cellular or animal testing.
Summary
In this review, we briefly introduce interdisciplinary studies on small molecules and stem cell biology. These studies have clearly demonstrated that small molecules are important tools in modulating stem cell fate, while stem cells are valuable platforms for small molecule screening. In addition to the established approaches, new tools such as haploid stem cells are emerging for future research. Haploid stem cells can produce genome-wide homozygous mutation in an efficient and robust way and hold the potential to transmit these mutations into animals. Such characteristics make them a convenient approach for genetic screening, which will also provide molecular targets for small molecule screenings. We anticipate that in the future, stem cells, especially haploid embryonic stem cells, will constitute basic platforms for efficiently screening specific small molecules, which can subsequently efficiently modulate cell fate or cure diseases.
